. Using found that ureteric bud cells secrete factors that conmedia conditioned by UB cells, we previously isolated vert kidney mesenchyme to epithelia that, remarkably, several factors, each of which stimulated metanephric then form nephrons. Purification and sequencing of mesenchymal growth and prevented its apoptosis. These one such factor identified it as leukemia inhibitory facinclude fibroblast growth factors (Barasch et al., 1997) tor (LIF). LIF acted on epithelial precursors that we and tissue inhibitors of metalloproteinases (Barasch et identified by the expression of Pax2 and Wnt4. Other al., 1999). However, none of these factors caused the IL-6 type cytokines acted like LIF, and deletion of their conversion of mesenchyme to epithelia. We now find shared receptor reduced nephron development. In that UB cells secrete several additional activities that in situ, the ureteric bud expressed LIF, and metanephric the presence of mesenchymal growth factors (Karavamesenchyme expressed its receptors. The data sugnova et al., 1996; Barasch et al., 1997) trigger mesenchygest that IL-6 cytokines are candidate regulators of mal to epithelial conversion. Remarkably, these nascent mesenchymal to epithelial conversion during kidney epithelia progressed further in their developmental pathdevelopment.
way by generating several differentiated epithelial cell types, cysts, tubules, and segmented nephrons. When Introduction the most active fraction was purified and sequenced, we found that the protein was leukemia inhibitory factor Most epithelial organs originate by the folding or branching of preexisting epithelia. In contrast, in the urogenital (LIF). system, the pleura and peritoneum, the endothelium, and the midgut of Drosophila, epithelia arise from mesResults enchymal cells (Ekblom, 1989; Reuter et al., 1993; Tepass and Hartenstein, 1994) . During study of several of UB Cells Secrete Factors that Trigger Epithelialization these models of mesenchymal to epithelial transition, a of Metanephric Mesenchyme requirement for signaling by neighboring tissues was When isolated metanephric mesenchymes from rat renal anlage of day 13 of embryonic life (E13) were cultured in serum-free media, they underwent apoptosis in 48 hr 7 To whom correspondence should be addressed (e-mail: jmb4@ columbia.edu).
(Koseki et al., 1992). With the addition of metanephric days) resulted in the appearance of over 100 tubules In contrast, when media conditioned by ureteric bud cells (UB cells) were added to the isolated metanephric mesenchymes, they converted into epithelia. We found about 100 tubules and cysts in each mesenchyme after 7 days of incubation ( Figure 1B) . These structures had characteristics of polarized epithelia, including a basement membrane, basally disposed nuclei, and apical junctional complexes (EM, data not shown), and they expressed epithelial cytokeratins (data not shown). These data demonstrate that factors produced by UB cells were able to transform metanephric mesenchyme into epithelia and induce tubulogenesis.
Purification and Identification of the Epithelializing Factor
Media conditioned by UB cells were initially fractionated using heparin-Sepharose chromatography (Barasch et al., 1997), and the fractions were assayed for the appearance of epithelial morphologies and cytokeratins in isolated metanephric mesenchymes (in the presence of compatible with the notion that LIF is an inducer from neuronotrophic factor (CNTF; data not shown). Thus, the ureteric bud produces, in addition to LIF, several the ureteric bud, we performed RT-PCR on metanephric mesenchyme just prior to its invasion by the ureteric other cytokines of the IL-6 family. bud (rat E12) and of ureteric buds just after their extension from the Wolffian duct (rat E12.5). While LIF receptor Epithelial Conversion of Metanephric Mesenchyme by gp130 Ligands and gp130 were readily detectable in metanephric mesenchyme, LIF was not expressed (Figure 5 ). In contrast, LIF shares with other molecules of the IL-6 family the ability to heterodimerize and activate gp130 and its own ureteric buds isolated at E12.5 expressed both LIF and its receptors. The same data were obtained from tissues receptor (Taga et al., 1989; Ip et al., 1992). To determine whether activation of the heterodimer by family memharvested just after ureteric invasion (E13). These data demonstrate that the ureteric bud is a source of LIF for bers other than LIF could also induce epithelia, we treated isolated rat metanephric mesenchymes with the metanephric mesenchyme.
Previous studies found that the mouse ureteric bud cardiotrophin, CNTF, or oncostatin M. These molecules (50-100 ng/ml) stimulated epithelial conversion and tuexpressed other members of the IL-6 family, including oncostatin M (Hara et al., 1998) and cardiotrophin bulogenesis (80% response in four independent experiments). To determine whether activation of the gp130 (Sheng et al., 1996) , a finding confirmed by us in rat. We also found that the rat ureteric bud expresses ciliary receptor, without activation of the LIF receptor, was To examine whether LIF acts on epithelial precursors nation, although mouse mesenchyme never grew for more (the Pax2, Wnt4 expressing cells), we cultured metathan a few days. As was the case in rat mesenchyme, the nephric mesenchymes with FGF2 and then monitored addition of LIF or oncostatin M induced epithelialization, for the activation of STAT3 (one target of gp130 activaalthough the frequency of conversion appeared quite tion) after adding LIF. We found that after only 1 hr of low (30%; range, 20%-50%). This was likely due to a exposure to LIF, phosphorylated STAT3 was prominent failure of growth and apoptosis of the mesenchyme after in the nuclei of these cells ( Figure 7D) Consistent with the hypothesis that LIF and cytokines of the IL-6 family are important for epithelial maturation, 1996). These data suggest that the ureteric bud synthesizes unknown inducing molecules in addition to the we found fewer developed nephrons in animals deleted of gp130, the shared receptor for these cytokines. ReWnts.
To identify authentic inducers of the metanephric duced nephrogenesis likely results from loss of renal gp130 rather than systemic abnormalities in the deleted mesenchyme, it is necessary to find factors that are expressed by the ureteric bud. To isolate these epithelial animals because neutralizing antibodies were also effective in reducing nephron development in vitro. Given inducers, we produced cell lines from ureteric buds that had just contacted the metanephric mesenchyme (Barthat both the ureteric bud and the metanephric mesenchyme express gp130 receptors, the primary deficit from asch et al. ., 1997) , terestingly, the ureteric bud also expresses oncostatin, cardiotrophin, and CNTF, and all of these IL-6 family examination of this hypothesis requires a targeted mutation. members were able to induce the metanephric mesenchyme, suggesting that they may be involved in one or Bard and Ross (1991) had previously shown that treatment of isolated embryonic kidneys with LIF reduced more stages of metanephric development.
The invasion of the metanephric mesenchyme by the the number of fully developed nephrons, a finding that appears to be in conflict with our results. However, these ureteric bud stimulates both mesenchymal proliferation and epithelial conversion in "nephrogenic" zones that authors found that LIF caused widening and budding of central ( 
